Aim: To examine the anti-cancer effects of chamaejasmenin B and neochamaejasmin C, two biflavonones isolated from the root of Stellera chamaejasme L (known as the traditional Chinese herb Rui Xiang Lang Du) in vitro. Methods: Human liver carcinoma cell lines (HepG2 and SMMC-7721), a human non-small cell lung cancer cell line (A549), human osteosarcoma cell lines (MG63, U2OS, and KHOS), a human colon cancer cell line (HCT-116) and a human cervical cancer cell line (HeLa) were used. The anti-proliferative effects of the compounds were measured using SRB cytotoxicity assay. DNA damage was detected by immunofluorescence and Western blotting. Apoptosis and cell cycle distribution were assessed using flow cytometry analysis. The expression of the related proteins was examined with Western blotting analysis. Results: Both chamaejasmenin B and neochamaejasmin C exerted potent anti-proliferative effects in the 8 human solid tumor cell lines. Chamaejasmenin B (the IC 50 values ranged from 1.08 to 10.8 μmol/L) was slightly more potent than neochamaejasmin C (the IC 50 values ranged from 3.07 to 15.97 μmol/L). In the most sensitive A549 and KHOS cells, the mechanisms underlying the anti-proliferative effects were characterized. The two compounds induced prominent expression of the DNA damage marker γ-H2AX as well as apoptosis. Furthermore, treatment of the cells with the two compounds caused prominent G 0 /G 1 phase arrest. Conclusion: Chamaejasmenin B and neochamaejasmin C are potential anti-proliferative agents in 8 human solid tumor cell lines in vitro via inducing cell cycle arrest, apoptosis and DNA damage.
Introduction
The plant Stellera chamaejasme L is a well-known traditional Chinese herbal medicine that is widely distributed in the north and southwest of China. This herb has been shown to possess both toxic and therapeutic effects [1] . The roots of this plant are commonly used for the treatment of scabies, tinea, stubborn skin ulcers, cancer and tuberculosis [2, 3] . There have been continued efforts in isolating individual compounds from Stellera chamaejasme L, including biflavones, lignans and diterpenes [4] [5] [6] . Biflavones are broadly distributed in gymnosperm plants and have anti-bacterial, anti-fungal, anti-allergic, anti-viral, antihepatotoxic, anti-cancer and immune-suppressive effects [7] .
Several natural biflavones have been found to possess cytotoxic and anti-tumor effects [8, 9] . Recently, our group isolated a series of C3/C3"-biflavones, including the new compound neochamaejasmin C [10] . In this study, we examined two of these biflavones (chamaejasmenin B and neochamaejasmin C, shown in Figure 1 ) for their anti-tumor effects. The difference between chamaejasmenin B and neochamaejasmin C is the stereo configuration at C2". The configuration in chamaejasmenin B is S/S/S/S at C2/C3/C2"/C3", while the configuration of neochamaejasmin C is S/S/R/S at C2/C3/C2"/C3".
DNA is the main target of most cytotoxic anti-cancer drugs, and several cancer chemotherapeutic agents exert their cytotoxic effect by inducing DNA damage [11] . To maintain genomic stability after DNA damage, multicellular organisms activate checkpoints that induce cell cycle arrest or apoptosis [12] . Generally, mammalian cells respond to DNA-damaging agents by activating cell cycle checkpoints to delay cell cycle progression www.chinaphar.com Zhang C et al Acta Pharmacologica Sinica npg until the errors have been corrected [13] . The arrest at G 0 /G 1 , which prevents the cells from completing the cell cycle and proliferating, is regulated by the sequential activation and deactivation of complexes composed of CDK family proteins and cyclins, such as the CDK2/cyclin E complex [14] . Pausing the cell cycle is sometimes coupled to DNA damage repair. However, when DNA damage cannot be successfully repaired during the pause in cell division, the activation of the DNA damage checkpoint induces cell death by apoptosis [15] . In our study, we showed for the first time that chamaejasmenin B had substantial anti-tumor efficacy against various human solid tumor cells. Interestingly, our results demonstrated that chamaejasmenin B and neochamaejasmin C led to increased γ-H2AX in both A549 and KHOS cells, indicating increased DNA damage. In addition, chamaejasmenin B and neochamaejasmin C induced apoptosis in A549 and KHOS cells. Furthermore, chamaejasmenin B and neochamaejasmin C triggered G 0 /G 1 phase arrest in both A549 and KHOS cells. This article reports the in vitro anti-cancer effects of chamaejasmenin B and neochamaejasmin C in solid tumor cells to extend our knowledge about biflavones and provide support for their development as anti-tumor drug candidates.
Materials and methods

Extraction and isolation
Air-dried, powdered Stellera chamaejasme L roots (3.0 kg), collected from Yunnan Province, China, were extracted 4 times with 5 L 95% aqueous EtOH at room temperature. A crude extract (360 g) was obtained after concentration in vacuo and suspended in 1 L H 2 O. The suspension was extracted with petroleum ether (PE), AcOEt, and BuOH to yield 45, 160, and 86 g of product, respectively. The AcOEt extract was subjected to column chromatography with a PE/AcOEt gradient system of increasing polarity (9:1, 8:2, 7:3, 6:4, and 5:5) to yield six fractions (Fr 1-6). Fraction 3 was subjected to chromatography with a SiO 2 column with MeOH/H 2 O (7:3, 8:2, and 9:1) to yield chamaejasmenin B (124 mg). Fraction 5 was subjected to chromatography with a SiO 2 column with CHCl 3 /MeOH (99:1, 98:2, and 94:6) to yield neochamaejasmin C (238 mg). The chamaejasmenin B and neochamaejasmin C (>95% purity) structures were characterized by NMR and MS spectra [10] .
, PARP (H250), procaspase-3 (H-277), XIAP (A-7) and γ-H2AX (Ser139) and HRP-labeled secondary anti-mouse/anti-rabbit antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Primary antibodies against p-Rb (Ser-795) and cleaved-caspase-3 (D-175) were purchased from Cell Signaling Technology (Danvers, MA, USA), and antibodies against Rb, p53, and β-actin were purchased from BD Biosciences (Franklin Lakes, NJ, USA). Boc-D-fmk was purchased from Calbiochem (Darmstadt, Germany).
Cell culture
Human liver carcinoma cell lines (HepG2 and SMMC-7721), a human non-small cell lung cancer cell line (A549), human osteosarcoma cell lines (MG63, U2OS, and KHOS), a human colon cancer cell line (HCT-116) and a human cervical cancer cell line HeLa [16] were purchased from the Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China), and the genotypes were authenticated by DNA fingerprinting. The HepG2, HeLa, and HCT-116 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, and all other cell lines were cultured in RPMI-1640 supplemented with 10% fetal bovine serum. All the cells were maintained in a humidified atmosphere of 95% air plus 5% CO 2 at 37 °C.
Cytotoxicity assay
The anti-proliferative effects of chamaejasmenin B and neochamaejasmin C were measured using the sulforhodamine blue (SRB) cytotoxicity assay. Briefly, cells were seeded in 96-well microtiter plates (4000 cells/well). After incubation for 24 h in the appropriate medium, the cells were incubated with the compounds for 72 h and fixed with 10% TCA solution for 1 h. The wells were rinsed 5 times with tap water and then stained with 0.4% SRB solution (100 μL per well) for at least 20 min at room temperature. The wells were rinsed with 1% acetic acid to remove unbound dye and left to air dry. The SRB dye was then solubilized by adding 100 μL unbuffered Trisbased solution to each well, and the absorbance at 515 nm was measured using a multi-scan spectrum. The inhibitory rate of cell proliferation was calculated for each well using the following formula: (A515 control cells -A515 treated cells)/A515 control cells×100%. Cell cycle analysis by propidium iodide staining Cells were harvested and washed with PBS and fixed with pre-cooled 70% ethanol at 4 °C overnight. Fixed cells were then washed with PBS to remove residual ethanol, pelleted, resuspended in 500 μL PBS containing 50 μg RNase A at 37 °C and then stained with 5 μg PI in the dark at room temperature for 30 min. For each sample, 2×10 4 cells were collected and analyzed using a FACS-Calibur cytometer (Becton Dickinson, San Jose, CA, USA).
Cell lysate preparation and Western blot analysis
Proteins were extracted with lysis buffer (50 mmol/L TrisHCl, 150 mmol/L NaCl, 1 mmol/L EDTA, 0.1% SDS, 0.5% deoxycholic acid, 0.02% sodium azide, 1% NP-40, 2.0 μg/mL aprotinin, 1 mmol/L phenylmethylsulfonylfluoride). The lysates were centrifuged at 10 000×g for 30 min at 4 °C, the supernatants were transferred to a new tube, and the protein concentration was then determined. Proteins were fractionated on 8% to 15% Tris-glycine gels, and then were transferred to PVDF membrane (Millipore, Bedford, MA, USA) and probed with primary antibodies (dilution range 1:500-1:1000) followed by horseradish peroxidase-labeled secondary antibodies at a 1:5000 dilution. Antibody binding was then detected using a chemiluminescent substrate and visualized on autoradiography film [17] .
Immunofluorescence Cells were fixed with 4% formaldehyde for 15 min. After washing with PBS, the cells were blocked with 10% serum in PBS for 10 min and incubated at 37 °C for 2 h with γ-H2AX-specific primary antibodies (1:200). The cells were then washed and incubated in the dark for 1 h at 37 °C with goat anti-rabbit (FITC)-conjugated antibodies (1:200, Earthox, San Francisco, CA, USA). After washing, the nuclei were counterstained with DAPI, and the cells were then washed in PBS and examined using a laser-scanning confocal microscope (Fluoview, Olympus, Tokyo, Japan) [18] .
Statistical analysis
Two-tailed Student's t-tests were used to determine the significance of the differences between the experimental conditions. Differences were considered significant at P<0.05.
Results
Cytotoxicity of chamaejasmenin B and neochamaejasmin C in human cancer cell lines Chamaejasmenin B and neochamaejasmin C showed potent anti-tumor effects in various human cancer cells in vitro in cytotoxicity analyses using paclitaxel as a positive control. As shown in Table 1 , chamaejasmenin B and neochamaejasmin C exhibited excellent anti-proliferative activity against the eight human cancer cell lines. Moreover, the IC 50 of chamaejasmenin B and neochamaejasmin C ranged from 1.08 to 10.8 µmol/L and 3.07 to 15.97 µmol/L, respectively, indicating that chamaejasmenin B had a slightly higher cytotoxic effect on human cancer cells than neochamaejasmin C. Chamaejasmenin B showed a considerable anti-proliferative effect on the A549 non-small cell lung cancer cell line, with an IC 50 of 1.08 µmol/L.
Chamaejasmenin B induced DNA damage Next, we determined whether chamaejasmenin B and neochamaejasmin C could induce DNA damage in A549 and KHOS cells. The phosphorylation of H2AX (denoted as γ-H2AX) is a marker of DNA damage [19] . As shown in Figure  2A and 2B, the induction of γ-H2AX in both A549 and KHOS cells was observed by Western blot analysis, indicating that DNA damage might be involved in the anti-cancer effect of the 2 compounds. Furthermore, immunofluorescence showed that the number of γ-H2AX-positive A549 cells was significantly increased in the chamaejasmenin B treatment group ( Figure 2C ). 
Chamaejasmenin B and neochamaejasmin C induced apoptosis
To determine whether chamaejasmenin B and neochamaejasmin C inhibited cancer cell proliferation by inducing apoptosis, we detected apoptosis in A549 and KHOS cells. As shown in Figure 3A , the percentage of apoptotic cells in the control group was 8.39%. Upon exposure to 1, 2, or 4 µmol/L chamaejasmenin B for 48 h, the percentage of apoptotic cells increased to 21.10%, 25.25% (P<0.05) and 59.50% (P<0.01), respectively. Treatment with chamaejasmenin B and neochamaejasmin C resulted in increased apoptosis in both A549 and KHOS cell lines. To confirm the effect of chamaejasmenin B on the induction of the apoptotic pathway, we examined the effect of chamaejasmenin B on the activation of caspase-3, cleavage of PARP, and the expression of XIAP, p53, and Mcl-1. The results showed that chamaejasmenin B treatment efficiently induced caspase-3 cleavage and cleavage of the 85 kDa inactive PARP intermediate in a dose-dependent manner (shown in Figure 3B ). These results confirmed that chamaejasmenin B-induced apoptosis was mediated by PARP cleavage and caspase-3 activation. Furthermore, our data showed that chamaejasmenin B resulted in a dose-dependent decrease in XIAP and Mcl-1 protein levels in A549 cells, and similar treatment also caused a significant accumulation of p53 protein expression. Only 13.54% of the cells were apoptotic when pretreated with Boc-D-fmk for 1 h prior to incubation with chamaejasmenin B compared with 59.86% in the chamaejasmenin B treatment group, suggesting that the cytotoxicity induced by combination treatment in A549 cells was caspase dependent ( Figure  3C ).
Chamaejasmenin B and neochamaejasmin C treatment caused G 0 /G 1 phase arrest Next, we investigated the cell cycle in cancer cells treated with chamaejasmenin B and neochamaejasmin C. Our study showed that chamaejasmenin B and neochamaejasmin C treatment led to prominent G 0 /G 1 arrest in both A549 and KHOS Figure 4A and 4B) . We analyzed the possible alterations of cell cycle regulators reported to play important roles in the regulation of the G 0 /G 1 phase [20] . Figure 5 shows that the level of p21 CIP1 changed with increases in the concentration of 
Discussion
Because biflavonoids from various natural plants have been found to possess cytotoxic and anti-tumor effects, we isolated Anti-cancer agents that induce DNA damage are some of the most effective agents in clinical use and have resulted in significantly improved cancer patient survival [21] . Among the different forms of complex DNA damage, double-strand breaks (DSBs) are considered to be among the most lethal forms of DNA damage, severely compromising genomic stability [22] . A number of anti-cancer drugs exert their effects by causing DSBs that induce subsequent apoptosis, including DNA replication inhibitors, crosslinking agents and topoisomerase inhibitors [23] . H2AX has received increased attention in analyzing cellular responses to DNA damage after the discovery that it is locally phosphorylated on Ser139 (denoted as γ-H2AX) in the vicinity of DSBs [24] , which is one of the earliest events in DNA damage signaling and repair [25] . In our study, a clear increase in γ-H2AX expression was observed in both A549 and KHOS cells incubated with chamaejasmenin B and neochamaejasmin C. Several studies have characterized ROSinduced DNA damage, which includes single-and doublestrand breaks, abasic sites, and base damages [26, 27] . Our data showed that chamaejasmenin B and neochamaejasmin C could not induce ROS in A549 cells, indicating that ROS might not be involved in the DNA damage induced by the two biflavones. Further investigation will be required to determine whether chamaejasmenin B and neochamaejasmin C cause DNA damage by binding to DNA directly or by indirectly inducing other factors. To maintain genomic stability after DNA damage, multicellular organisms activate checkpoints that induce apoptosis [12] . Our results indicated that chamaejasmenin B-induced apoptosis was mediated through PARP cleavage and caspase-3 activation. The p53 tumor-suppressor gene is important in the cellular response to DNA damage, with the activation of p53 increasing apoptosis induced by DNA damage [28, 29] . Western blot analysis showed a marked increase in p53 expression in A549 cells after chamaejasmenin B treatment, indicating that chamaejasmenin B might cause DNA damage-induced apoptosis via a p53-dependent pathway. XIAP, a member of a novel family of inhibitor of apoptosis (IAP) proteins, regulates DNA damage-induced apoptosis through downstream caspase-9 cleavage [30] . In our study, decreased XIAP expression was detected in A549 cells treated with chamaejasmenin B, indicating that apoptosis suppression was impaired. Mcl-1 is an essential modulator of survival during development and maintenance in a variety of cell lineages and is a key regulator of apoptosis after DNA damage [31, 32] . Our data showed that chamaejasmenin B-induced apoptosis was accompanied by a large decrease in Mcl-1 protein. These results indicated that chamaejasmenin B might induce DSBs in A549 cells and activate apoptotic pathways, resulting in the observed anti-proliferative effect.
In response to DNA damage, p53 stimulates the transcription of several genes that inhibit the cell cycle progression to G 1 [33] . Many of the important genes associated with G 0 /G 1 regulation have been shown to play a key role in proliferation, differentiation and apoptosis [34] . Cell cycle regulation of the G 0 /G 1 phase has attracted a great deal of attention as a promising target for the research and treatment of cancer [35] . The cell cycle is regulated by the temporal activation of different cyclin-dependent kinase (CDK)/cyclin complexes in eukaryotic cells [36] . The cell cycle progression from G 1 phase to S phase is initiated by phosphorylated Rb, which is regulated by CDK/cyclin complexes and multiple suppressor proteins [37] . The cyclin E-CDK2 complex is required for the G 1 -S transition in the cell cycle, and the activity of this complex is thought to be required for the G 1 -S transition [35, 38] . In our study, we found that chamaejasmenin B potently inhibited the expression of CDK2, cyclin E, Rb and pRb, resulting in G 0 /G 1 cell cycle arrest and anti-proliferation. p21
CIP1 is a potent tightbinding inhibitor of CDKs and can inhibit the phosphorylation of Rb by cyclin A-CDK2, cyclin E-CDK2, cyclin D1-CDK4, and cyclin D2-CDK4 complexes [39] . When A549 cells were treated with chamaejasmenin B, an increase in the amount of p21 CIP1 was detected. These results suggested that chamaejasmenin B could arrest A549 cells at the G 0 /G 1 phase via modulating p21 CIP1 , CDK2, and cyclin E, and the findings provided additional evidence that regulation of the cell cycle might play a crucial role in chamaejasmenin B-induced anti-tumor effects.
In conclusion, chamaejasmenin B and neochamaejasmin C were potential anti-proliferative agents and had marked antitumor efficacy in various cancer cells in vitro. The mechanism of their anti-tumor effects might be associated with cell cycle control, apoptosis and DNA damage. Considering their potent anti-tumor molecular mechanism and effects, chamaejasmenin B and neochamaejasmin C might serve as efficient therapeutic anti-cancer candidates and warrant further evaluation as therapeutic agents against solid tumors. 
Author contribution
Chong ZHANG, Li-huang ZHANG, Jian-ping PAN, and Shuang-shuang ZHOU organized the study. Chong ZHANG and Shuang-shuang ZHOU carried out the cell culture and molecular studies and analyzed the data. Chong ZHANG, Shuang-shuang ZHOU, Jun-bo WANG, Lin-yi FENG, and Dayong ZHANG performed the Western blot analyses. Nengming LIN, Jie LI, and Jian-ping PAN designed and coordinated the study. Chong ZHANG, Shuang-shuang ZHOU, and Li-huang ZHANG interpreted the results and helped write the manuscript. All authors read and approved the final manuscript.
